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ABSTRACT 
Contrary to prevailing neuron doctrine," the glial substrate and other perineural structures of the 
central nervous system, through their sensitivity to extremely low levels of electric currents and 
magnetic fields, may directly control brain functions. The neuronal brain is not only supported by, 
but modulated by, the glial brain. Decades of research findings which support this view are examined, 
and genetic and behavioral effects evaluated. Electromagnetism and its effects on the "integration 
of brain function" in consciousness are considered, and in conclusion it is hypothesized that DC and 
low-frequency extraneuronal electric currents generated in, or transmitted by, the glial components 
of the brain may be the basis of perceptual awareness. 
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I 
INTRODUCTION 

n the first article of this series, 1 I attempted to indicate the theoretical 
reasons requiring the existence of a "nervous" system more primitive than 
that associated with neurons and the second article,2 presented some of 
the actual laboratory data that supported this concept. This evidence indicated 
that this system may reside in the perineural glial and Schwann cells and operate 
as an analog data transmission system using actual direct electrical currents. 
The DC electrical microenvironments thus produced in the brain were 
postulated to modulate the activities of the neurons proper and to be the 
primary integrative mechanism for brain function. 
This concept is obviously at variance with established "neuron doctrine" which 
ascribes all functions of the brain and nervous system to actions of the neurons 
alone. In addition, it challenges the most basic established paradigm of 
biophysics which holds that all life functions are primarily chemical in nature. 
In that view, in order to produce any alteration in biological function electrical 
currents or electromagnetic fields must alter chemical activity by disrupting 
chemical bonds, or produce heating of the tissues in excess of k T, the inherent 
thermal level normally present. The levels of electromagnetic parameters 
required to produce such chemical actions are quite high, many orders of 
magnitude greater than any DC potentials that had been measured. As a result, 
these electrical observations were ignored. In the present article I summarize 
recent data indicating that extremely small levels of electrical currents or 
magnetic fields do have major biological effects. 
That an electrical heating effect can occur is evident in any microwave oven, 
presumably because the wave lengths are sufficiently short to permit the deposi­
tion of energy in the aqueous organic materials. However, this effect requires 
a specific strength for the microwave field. Below this thermal-effect level there 
was thought to be no possibility of bioeffect. This property of microwave 
frequencies has been regarded as confirming the concept that sufficient energy 
had to be deposited in the tissues to cause heating before any bioeffect could 
occur. In the Extra Low Frequency (ELF) range, of 1 to 1000 Hz, the wave 
lengths are many orders of magnitude too long for any conceivable coupling 
to occur, and therefore this region was declared totally devoid of any bioeffect 
whatsoever. In short, no electromagnetic field of any frequency could have any 
bioeffect, other than tissue heating. 
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Over the past two decades, however, credible scientific evidence has been 
presented indicating that electrical currents and electromagnetic fields of a 
strength far below tissue-heating levels can have profound bioeffects. While 
initially there was strong opposition to this data, now the scientific consensus 
is that the evidence for non-thermal effects is overwhelming and that an exciting 
new discipline of research has been opened with useful applications already 
beginning to become evident. The new discipline, termed Bioelectromagnetics 
(BEM), encompasses all of the previously forbidden inter-relationships between 
electromagnetic energy and living organisms. In the area of neurophysiology, 
many of its findings lend credence to the postulated dual nervous system 
concept I discussed in the preceding two articles. 
At present, several thousand scientists are deeply involved in bioelectromag­
netics research in this country alone and two recognized scientific journals have 
been in continuous publication of their data for more than a decade. The 
volume of data is overwhelming and it appears that the best way to introduce 
the inexperienced reader to this field is to briefly, chronologically sketch the 
most important events that have led to the present situation. 
1970 - 1980 
T he direct origin of BEM can be traced to several incidents that occurred during the decade of the 1970's, a time when only the established chemical paradigm was accepted by serious scientists. In 1973, I was 
asked by the US Navy to be on a committee to evaluate the possible bioeffects 
of a massive antenna system, code named "Sanguine", that was to be 
constructed in the northern half of Wisconsin. It was to transmit electro­
magnetic (EM) signals to submerged submarines around the world using ELF 
at 45 or 75 Hz, frequencies just above and below the commercial power 
frequency of 60 Hz. Despite the large size of the antenna, the EM field it 
would produce was considerably lower than that produced by most electrical 
power facilities, which had never been shown to pose any environmental 
biohazard. While these studies of potential bioeffects were considered to be a 
sterile exercise, in view of the physical impossibility of any such effect, Congress 
had directed the Navy nevertheless to conduct them. The results were what 
the committee members were to evaluate. To the complete surprise of the 
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group, many of the 20 projects reported, including one conducted on human 
volunteers, indicated direct, potentially hazardous, bioeffects. The committee 
advised the Navy to conduct several additional studies and in particular, to 
advise the Federal Administration that the studies indicated that major segments 
of the American civilian population may be at risk from the stronger ELF fields 
radiating from power transmission lines and similar installations.3 
Shortly after the meeting, I became aware of a proposal to build a number of ultra high power transmission lines in New York State and informed the State regulatory agency of the Navy's results. This subsequently led 
to extensive public hearings and ultimately to a five-year study of the problem 
by the New York state Department of Health, funded by a five million dollar 
assessment on the utility companies. This study, which did not begin until 
1981, corroborated and extended the Navy's findings.4 Throughout the course 
of the project, interest in this area increased within the scientific community 
and the publication of the final results in 1986 provided the first extensive data 
base on the subject. Bioelectromagnetics as a funded discipline may therefore 
have originated from the question of public health and the electromagnetic 
fields associated with electric power facilities. It is probable that if it had not 
been initially brought into the public-health arena, much less progress would 
have been made. Studies preceding the New York State Department of Health 
Project were generally along the lines of basic science, not aimed specifically at 
relationships between electromagnetic parameters and living organisms. 
In 1975, Dr. Richard Blakemore of the Woods Hole Oceanographic Institution 
published a paper entitled "Magnetotactic Bacteria" in which he described a 
motile, marine bacterium that sensed the direction of the Earth's magnetic field 
by means of an organized collection of crystals of magnetite within the 
cytoplasm.5 Movements of the bacteria in response to this structure were of 
survival value. This report led to the possibility that other organisms, such as 
the homing pigeon, might have a similar mechanism for sensing and responding 
to the extremely weak geomagnetic field. Also in 1975, the first detection of 
a weak, external magnetic field produced by activity of the human brain was 
reported by Dr. David Cohen at MIT.6 This observation was made possible 
by the development of the SQUID magnetometer, a superconducting device 
that is extremely sensitive to very-low-strength magnetic fields. The magnetic 
record of the brain, which has become known as the magnetoencephalogram 
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(MEG), is similar to but not identical with the well-known electroencephalo­
gram (EEG). The importance of this observation was that it indicated the 
existence of actual electrical currents flowing within the brain. 
While all of this was unfolding, Drs. Susan Bawin and Ross Adey reported in 
1976 that brain cells lost significant amounts of calcium ions when exposed to 
extremely low-level EM fields at 16 Hz? Since calcium is an important 
determiner of neuron function and since the field strength that produced this 
perturbation was extremely weak, this report elicited much interest and was 
one of the factors that led to a meeting of the Neurosciences Research Program 
in which the possibility of other mechanisms of communication and coding in 
neurons, additional to the nerve-impulse system, were discussed. 8 
The relationships between bone growth and DC electrical currents previously 
discussed2 led (in 1978) to approval by the FDA for the clinical use of a number 
of electromagnetic devices as stimulators for human bone growth. These devices 
ranged from implanted or percutaneous types that administered a very small 
DC electrical currents, to non-invasive devices that irradiated the fracture site 
with pulsed magnetic fields. All of these had been shown to stimulate new 
bone growth and to be useful in the treatment of human fractures that had 
failed to heal. This commercialization stimulated many additional studies of 
other potential applications producing additional basic data. 
A Iso in 1979, Dr. Nancy Wertheimer, studying the distribution of cases of childhood leukemia in Colorado, reported that a significant number of such children lived in homes in close proximity to local electric 
power wires that carried high currents.9 While Dr. Wertheimer had initially 
been searching for an environmental chemical agent, she speculated that the 
local 60-Hz magnetic field radiating from the lines might be the specific factor 
related to the increased incidence of leukemia. This study was later duplicated 
in the New York State Department of Health's Power Line Project. 
Finally, in the same year, magnetite mineral deposits, similar to those first noted 
by Blakemore in bacteria, were reported to be present in a specific area of the 
homing pigeons brain by Walcott, Gould and Kirschvink. 10 Since the homing 
abilities of these animals had originally been shown by Keeton,11 to be magnet­
ically related, the possibility that the magnetite crystals represented the sensitive 
component of a magnetic field-sensing organ was confirmed in a higher organism. 
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DECADE SUMMARY 

T hus, by the end of the 70's, DC electrical currents and time-varying magnetic fields in the ELF frequency range, at strengths far below heat­producing levels, had been shown to have important biological effects 
including stimulation of growth processes, a possible relationship to the 
incidence of cancer and alterations in the functions of neurons. At the same 
time, the existence of a brain-generated magnetic field external to the head 
and a specific biological structure for possibly sensing the geomagnetic field 
had been established. 
All of the above findings raised serious questions regarding the validity of the 
then-current biophysical paradigm. Though mechanisms of action were 
unknown, existing theory could not explain the biological effects of non-thermal 
EM parameters, and that theory had to be revised or replaced. Since some 
of the studies raised the possibility of adverse effects on human health of man­
made electromagnetic fields, each of these incidents drew media and political 
attention and generated increased interest in the scientific community. This 
led to the establishment of several scientific societies and journals all of which 
have expanded their membership and scope of activities. Today, 
Bioelectromagnetics is a recognized, vital science. 
1980 - 1990 
The next decade was one of rapid growth and expansion based upon the discov­
eries of the 70's. The first major observation was the report of Semm, Schneider 
& Vollrath12 showing that DC magnetic fields of the same strength as the 
geomagnetic field produced significant alterations in the rate of spontaneous 
discharge of specific cells of the guinea-pig pineal gland. The possibility was 
raised that this represented a second magnetic-field sensing system. Later, 
Welker et.al. 13 showed that similar fields could alter the serotonin and 
melatonin metabolism of the pineal gland in rats. Since serotonin and 
melatonin are important neurohormones connected with biocyclic behavior, a 
possible linkage of magnetic fields with human behavioral alterations was 
considered. This new area of research has become very fruitful. For a recent 
review, see Olcese, Reuss & Semm. 14 
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Many further studies were conducted on the magnetite deposits initially 
reported by Blakemore in bacteria5 and Walcott in pigeons. 10 This structure 
has now been identified in a wide variety of organisms, always in relationship 
to some portion of the central nervous system. The most significant research, 
conducted by Walker, Kirschvink and Dixon on the Yellowfin Tuna, 15 reported 
that this organ permitted the fish to resolve the direction of a magnetic field 
to within a few seconds of arc and detect magnetic-field intensities as low as 
a fewmilliGauss (mG), firmly establishing the magnetite deposits as being parts 
of an organ used specifically for detecting the direction and intensity of weak 
magnetic fields. Thus, by the middle of the decade, both magnetite deposits 
and the pineal gland had been identified as linking living organisms to the 
geomagnetic field. At present, these areas are being explored extensively in 
regard to their relationship to human behavior and health. 
The next observation of note was that of a neurophysiologist well known for 
research on major behavioral alterations produced by electrical brain stimula­
tion; Dr. Jose Delgado. 17 Recognizing the potential of the relationship between 
external EM fields and nerve function, in a significant study Delgado made 
use of a sensitive biological indicator, the early-stage chick embryo. He exposed 
embryos to 10, 100 and 1000-Hz magnetic fields each at three different levels 
of strength, 0.12, 1.2 and 12 microTesla (JlT). (1.0 JlT = 0.01 Gauss 10 
milliGauss. Delgado, along with colleagues Leal, Monteagudo, and Gracia, 
reported that the incidence of developmental abnormalities was significantly 
higher in the embryos exposed to 100 Hz, even at the 0.12 JlT level. 18 
Several subsequent attempts were made to replicate both Bawin and Adey's7 and Delgado'sl8 reports. Some were confirmatory, some negative, and others reported similar effects but with different frequencies. This 
raised the question of a hidden variable, and both Drs. Carl Blackman of the 
Environmental Protection Agency and Dr. Abraham Liboff of Oakland 
University, postulated a complex resonant effect on biologically-significant ions 
involving (1) the frequency of the administered field, (2) the strength of the 
DC geomagnetic field extant at the locale of the laboratory, and (3) the charge­
to-mass ratio specific for each species of ion. 19,20 
The first proof of the validity of this concept was furnished the following year 
by Dr. J. R. Thomas at the Naval Medical Center, Bethesda, MD, in conjunc-
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tion with Drs. Schrot and Liboff.21 In this interesting study the concept of 
cyclotron resonance was applied to the lithium ion. Both a DC magnetic field 
and an ELF magnetic field were generated to resonate with the time varying 
field and the charge to mass ratio of the lithium ion. Lithium is known to 
exert a depressant effect on behavior and is often used therapeutically in cases 
of manic-depressive psychosis. In this experiment lithium was not adminis­
tered to the test animals. Instead resonance was achieved using only the 
extremely small concentration of naturally-occurring lithium in the brain. 
Resonance transferred energy to these naturally-present lithium ions, thus 
increasing their activity and Thomas and his colleagues reported a significant 
decline in activity of the exposed animals compared with the controls. 
Simultaneously with this work, the US Navy initiated a large program, known as Project Henhouse, in which a number of laboratories at several different locations were to attempt to replicate Delgado's results. I8 Each 
laboratory was to be furnished with identical equipment and was to follow the 
same experimental protocol. The results, reported jointly in 1990 by all the 
project directors,22 indicated that 2 of the 6 laboratories obtained highly signif­
icant numbers of embryonic defects, while 3 reported increased abnormalities 
but not in significant numbers. Pooled data from all projects indicated a signif­
icant increase in the incidence of developmental defects in exposed embryos. 
Blackman later noted that the results reported by each laboratory appeared to 
be related to the strength of the local geomagnetic field. 23 These studies, done 
in the latter half of the decade, not only confirmed the existence of several 
important bioeffects but also revealed the basic role played by the underlying 
geomagnetic field in such interactions. 
DECADE SUMMARY 
By 1990, the evidence for a direct connection between non-thermal electro­
magnetic parameters and living organisms was incontrovertible. Organs whose 
function was to detect the geomagnetic field had been identified and a start 
had been made in determining at least one of the mechanisms. A few scientists 
still insisted that this was all nonsense, it could not be true, but the majority 
agreed that a scientific revolution was in progress. 
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As this manuscript was being written, a news release was issued by the California 
Institute of Technology16 indicating that Drs J.L. Kirschvink, A. Kobayashi­
Kirschvink and B. J. Woodford had identified magnetite particles in the human 
brain identical to those previously found in many other organisms. The particles 
were found in all areas of the brain with the highest amounts in the meninges. 
Full details are to be published at a later date in the Proceedings of the National 
Academy of Sciences. The techniques used, however, were not able to identify 
any specific magnetic organ. Nevertheless, this discovery shows that the associ­
ation between magnetite crystals and central-nervous-system structures is an 
evolutionarily-conserved mechanism, indicating that it is of basic importance. 
EPIDEMIOLOGICAL STUDIES 
Since this entire research development began with the question of possible 
health effects from exposure to 60-Hz fields generated by electrical power facili­
ties, much time and effort was expended on epidemiological studies to evaluate 
this possibility and, on economically and politically-generated attempts to 
disprove it. The history and details of this effort are not germane to the subject 
of this paper and the interested reader is referred to books that review data 
from many studies.24,25,26 
Suffice it to say that at this time it appears unequivocal that chronic exposure, either residential or occupational, to 60-Hz magnetic fields with strengths of 3 mG or higher is associated with significant increase 
in the incidence of several types of malignant tumors. These occur in tissues 
having a continuous rate of cellular replication, such as bone marrow and 
lymphatic tissues, thus raising the question of a possible genetic effect at the 
time of mitosis. 
The only apparent exception is a well-established increase in brain tumors of 
glial origin. While glial cells can replicate, it is usually in response to injury 
(gliosis). Glial cells do not usually demonstrate a pattern of continuous replace­
ment. Therefore the question was raised of a direct effect of magnetic fields 
on glial cells. This led to studies of a fundamental nature that have provided 
significant support to the primary thesis of the present series of papers. 
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I
DIRECT MAGNETIC EFFECTS ON GLIAL CELLS 
t must first be noted that studies in the area of bioelectromagnetics began in 
the Soviet Union as early as the 1940's and by the late 1960's several thousand 
scientists were involved. In 1966, Drs Kolodov and Aleksandrovskaya at the 
Institute of Higher Nervous Activity and Neurophysiology, Soviet Academy of 
Sciences in Moscow, reported27 that following one hour of exposure to a 
constant (DC) magnetic field of several hundred Gauss intensity, there was a 
significant increase in animals in the number of glial cells, presumably by 
mitosis or some other mechanism of cell multiplication. This was accompa­
nied by changes in the EEG such as a predominance of slow waves and bursts 
of spiking in the motor cortex. Similar changes were noted in the EEG of 
humans exposed to the same field for the same length of time. In experimental 
animals, continuation of the exposure for 10 hours resulted in marked 
hyperplasia of individual glial cells. Exposures of 60-70 hours resulted in 
destruction of glial cells and dystrophic changes in neurons. Since initial effects 
began in glial cells, and dystrophic changes in the neurons followed changes 
in the glia, the authors postulated that glial cells were the primary receptors 
of magnetic fields and that neurons were influenced only secondarily to glial 
effects. 
Subsequently there was very little interest in DC magnetic field effects until 
the resonance concept was proposed. Since then most work has involved the 
combination of a DC magnetic field with a time-varying field. Most recently, 
Drs. Balaban, Bravarenko and Kuznetzov, also of the Institute for Higher 
Nervous Activity, have reported28 that exposure of snail neurons in vitro to 
DC magnetic fields of different strengths resulted in reproducible changes in 
membrane resistivity and excitatory postsynaptic potentials, with degree of 
change directly related to the strength of the DC magnetic field. In prepara­
tions of this type, single neurons are easily removed intact and placed in 
appropriate media for electrode insertion. Such neurons always had their 
normal complement of glial cells still attached to them. In the past, these 
glial cells were considered to be of no consequence in such research, but the 
authors of this study removed the glial cells with a proteolytic enzyme that left 
the neurons intact and electrically normal. Following this the previously noted 
changes in membrane resistivity and post synaptic potentials with DC magnetic 
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field exposure were no longer observed, and the authors proposed that 
functional changes produced by magnetic field exposure are mediated in 
neurons through the effect of the magnetic field on the glial cells, and that the 
intact neuron itself does not respond to magnetic fields unless it is surrounded 
with its normal accompaniment of glial cells. 
Thus, pathological, perceptual, and behavioral changes produced by exposure 
ro magnetic fields, while appearing to be mediated through the neurons are 
probably the result of the sensitivity of the perineural cells to this energy field. 
This supports the concept that the original "nervous" system resided in what 
we now term the perineural cells, and that the primary perceptual function of 
these original cells was the detection of magnetic fields originating from the 
geomagnetic field, and possibly from fields produced by other organisms. 
GENETIC EFFECTS 
T he question as ro whether the increases in malignant tumors noted epidemiologically with time-varying field exposure are due to a direct carcinogenic effect, or simply enhancement of pre-existing tumors, has 
not been settled. However, the nature of carcinogenesis is now much better 
understood and specific genetic sequences known as oncogenes have been 
identified as the final common pathway by which all carcinogens operate. In 
this light, the observations29,3o of Drs. Goodman and Henderson of Columbia 
University on alterations in genetic activity, such as transcription and transla­
tion, produced by exposure to such fields, are particularly significant. While 
not yet confirmed by direct experiment, the consensus of opinion is beginning 
to hold that all direct cellular effects of magnetic field exposures (including 
increases in growth rates and carcinogenesis) occur at the time of mitosis, 
possibly because at that time the DNA is aggregated into chromosomes. This 
is certainly in keeping with the epidemiological data presently available and 
raises the interesting question of the relationship between alterations in the 
natural geomagnetic field and evolutionary changes. 
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EFFECTS OF EM FIELD EXPOSURE ON BEHAVIOR 
The literature abounds with anecdotal reports of alterations in behavior and perception with magnetic field exposure but few controlled studies have been reported. In an early study, Drs. Friedman, Becker and 
Bachman reported31 that DC magnetic fields of 5 and 17 Gauss had no effect 
on human reaction time performance but that significant changes were 
produced by short exposures to time-varying fields of 11 Gauss modulated at 
0.1 and 0.2 Hz. 
Later, in 1979, Dr. F. Stephen Perry, a practicing physician in England, and 
members of my research group reported a statistically-significant relationship 
between suicide in a rural area of England and the proximity of patient's homes 
to electrical power lines.32 This study was triggered by Dr. Perry's observation 
that his patients living in such proximity appeared to be more subject to depres­
sion then patients living further away. Since the publication of this initial study, 
many more reports have appeared. The latest, by Dr. Barry Wilson of Pacific 
Northwest Laboratory, reviews the presently available information and presents 
data indicating that the depression may be the result of a direct effect of 50 
or 60-Hz magnetic fields on pineal gland functions. 33 
Dr. Michael Persinger of Laurentian University, has conducted a lengthy series 
of experiments involving human volunteers exposed to a variety of magnetic 
fields, He has concentrated on the effects associated with exposure to normally 
occurring frequencies and has reported that the theta . frequency range (4-8 
Hertz) produced alterations in the extent of short term memory recall. 34 
Persinger has also studied the relationship between the Earth's geomagnetic field 
and the incidence of paranormal experiences. He reported in 1985, in a 
retrospective analysis relating paranormal activity to the status of the geomag­
netic field, that paranormal experiences were much more likely to occur on 
days that the field was quiet.35 In a recent review of relevant data I found 
that several other studies confirmed this observation, some by direct experi­
ment.36 
One of the projects in the New York State Department of Health study on 
overhead power lines4 was directed by Dr. Kurt Salzinger of the Brooklyn 
Polytechnic University.37 It involved exposure of pregnant rats during the last 
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22 days of gestation and of the new-born rats for 8 days following birth, to a 
60-Hz magnetic field. The offspring were subsequently raised under normal 
laboratory conditions until adulthood. At that time, the performance of the 
exposed animals was compared with unexposed animals of the same age in 
conditioned operant behavioral testing. The exposed animals exhibited signif­
icantly lower response rates, in other words, they were slower learners. 
According to one school of thought, stress is a physiological function mediated 
by the central nervous system in response to the perception of being in a threat­
ening situation. While the physiological response to a situation of acute, short 
term crisis is useful, long term, or chronic, stress is considered to be unfavor­
able. Since the majority of humans cannot sense their being exposed to electro­
magnetic fields a question arose as to the ability of such fields to directly 
influence the neural structures responsible for the stress response, in essence 
by-passing the perceptual system. The earliest studies were done in my own 
laboratory with a multi-generational, exposure of mice to 60-Hz electric fields. 38 
Exposed animals demonstrated a number of the physiological changes associ­
ated with stress while unexposed control animals did not. Most recently, short 
term exposure to low-intensity non-thermal microwave radiation has also been 
shown to produce alterations in benzodiazepine receptors in the cerebral cortex 
of exposed rats.39 Since benzodiazepine receptors play a significant role in 
mediating anxiety and stress responses, it appears that low-intensity microwave 
exposure can be a source of stress. As with low-frequency experiments, 
microwave frequencies at these levels are well below the threshold of percep­
tion and the stress response elicited by mIcrowave exposure also by-passes 
conscIOUS awareness. 
I n another area, relationship between solar activity and its effect upon the geomagnetic field as related to violent human behavior was recently explored in a statistical study extending over 30 years of data.4o Contrary 
to expectation, no relationship between direct indices of the geomagnetic field 
and violent human behavior was found. However, a significant relationship 
was noted between this behavioral variable and the yearly number of sunspots, 
raising the possibility of an energetic, but non-magnetic effect or some presently 
unknown aspect of the magnetic field being responsible. 
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Thus, man-made, electromagnetic fields of frequencies and strength levels not 
normally represented in the Earth's natural electromagnetic spectrum have direct 
effects on the operation of the brain that are reflected in behavioral and learning 
abilities. It is not possible at this time to define any specific pathway by which 
these effects are mediated, but it appears quite likely that all of the magneti­
cally-sensitive elements of the brain, the magnetic organ, the pineal gland and 
the perineural cells themselves are involved. Also, as discussed below, these 
structures may also play a role in another, more basic function of the brain. 
ELECTROMAGNETISM AND INTEGRATION OF 
BRAIN FUNCTION 
H OW does one relate the single unit aCtivIty of the multitude of individual sensory neurons into the conscious awareness of an integrated external environment? In the visual cortex, for example, 
some cells respond to different colors, others to edges, some to motion and 
others to intensity. These cells are clustered into distinct areas according to 
their type and such areas may be separated by a centimeter or more. How is 
the final perceptual integrated image of a person, plant or any other object in 
the environment formed from the individual signals from these disparate 
elements separated by large distances in the brain? The final output of our 
visual window is an integrated whole in our consciousness and these questions 
come very close to the question of consciousness itself. Recently, bioelectro­
magnetics has begun to provide some answers to these questions. 
The development of the SQUID magnetometer and the discovery of the MEG 
has led to a new branch of neurophysiology termed "neuromagnetics" which 
investigates the magnetic correlates of brain functions. While still in its 
embryonic state, this discipline has already identified magnetic-field-evoked 
responses to visual and auditory stimuli. The magnetic fields detected are 
relatively large and appear to be generated by electrical current sources that are 
nonstationary, i.e., demonstrating "successive movement of the source in the 
anterior and inferior directions" within the auditory cortex.41 This may be 
interpreted as a relatively large-scale electrical current moving over large areas 
of the auditory cortex. While one can attribute this to the coordinated activity 
of large numbers of neurons, it is equally as valid to postulate the extra-neuronal 
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direct currents of the perineural system. Another interesting observation in 
neuromagnetics is the report that magnetic fields may be detected from the 
appropriate motor areas of the cortex prior to the occurrence of actual motor 
movement.42 In this instance, extra-neuronal electrical current sources appear 
to be generated in the motor area before the respective motor neurons discharge. 
It is possible to postulate that the voluntary action is initiated in the perineural 
cell system before the actual motor neuron action occurs. If this is so, it is not 
beyond possibility that conscious volitional activity resides in the same system. 
These observations of large-scale electrical currents in the brain by means of 
externally-detected magnetic fields must be compared with very recent observa­
tions made by Dr. Wolf Singer at the Max Plank Institute for Brain Research, 
utilizing electrodes implanted in the brain. In brief, he has reported the 
existence of electrical currents oscillating at 40 Hz extending over large areas 
of the visual cortex which he postulates to be the basis for perceptual integra­
tion.43 Commenting on Singer's observations as well as his own on similar 
activity in the visual cortex, Dr. Walter J. Freeman of the University of 
California, Berkeley , CA states that, "perception depends on the simultaneous, 
cooperative activity of millions of neurons spread throughout expanses of the 
cortex."44 He postulates, as does Singer, that the oscillatory currents are the 
basis for conscious perception by integrating the activity of millions of 
individual neurons. Freeman clearly indicates that the currents are extraneu­
ronal, but stops short of attributing them to the glial cells. Examples of Singer's 
actual recordings, as reproduced in a recent science news report,45 show two 
very different electrical recordings, one of a continuous oscillatory current and 
the other of the firing patterns of a pair of neurons showing that they fired in 
synchrony with the low points of the oscillatory wave. 
O bviously, much more work needs to be done before firm conclusions can be drawn. However, both the existence of the slow waves in the extra-neuronal matrix and the apparent synchronization of neuronal 
firing with them suggests some sort of a direct relationship. It should he noted 
that glial cells are capable of electrical activity46 and long range signaling.47 At 
this time, it is quite possible to speculate that these DC and low-frequency 
extraneuronal electrical currents are the basis for perceptual awareness and that 
they are generated and/or transmitted via the glial cell components of the brain. 
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Some support for this concept may be derived from experiments in which 
integrated semiconductor circuitry was used to mimic the action of the 
mammalian retina. In the usual photo-electric image systems in commercial 
or scientific use, each retinal cell is represented by a single photoelectric element 
and the digital image is the result of subsequent computerized integration of 
the entire single-unit matrix. In experiments done by Drs. Misha Mahowald 
and Carver Mead at the California Institute of Technology, the retina is 
represented as a single integrated circuit operating in an analog fashion with 
multiple interconnections between each photoelectric element.48 This device 
is capable of producing many of the phenomena observed in the human visual 
system, even including optical illusions, while the usual multi-element, digitally 
integrated image detectors have no such capability. 
T he evidence acquired over the past decade, utilizing the newly available methodologies of monitoring electromagnetic parameters has thus provided strong evidence for the existence of extra-neuronal DC 
electrical currents serving as the integrational mechanism for neuronal 
functions. While technologically much more advanced, these new data are 
practically identical to those reported fifty years ago and reviewed in the second 
article of this series.2 
SUMMARY 
Over the short span of a few decades, the new scientific devices and disciplines 
represented in bioelectromagnetics have provided the basis for a major shift in 
biology's theory. No longer are electricity and magnetism excluded from living 
organisms, rather these energies are now considered to be intimately involved 
in their basic sensing and communicating systems. The existence of specific 
biological magnetic-field receptors and a direct link between external magnetic 
fields and organismal behavior appears to have been established. The evidence 
for the production of external magnetic fields by the operations of the brain 
is likewise incontrovertible. Not only must we take the status of the geomag­
netic field into consideration in experimental studies, but we must also consider 
it an important parameter of the ambient environment. 
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This relationship appears to be mediated, at least in part, through a complex 
resonance arrangement involving the charge to mass ratio of ions, the strength 
and direction of the quasi-static geomagnetic field, and the presence of ambient 
electromagnetic field frequencies either as part of the geomagnetic field (i.e., 
micropulsations, sudden enhancements and magnetic storms), or as man-made 
frequencies associated with electrical power or communications facilities. While 
there are, no doubt, other mechanisms that will be isolated, it appears probable 
that they will be equally complex in nature. However, based upon the known 
mechanisms of data transfer in neurons, it appears unlikely that such functions 
as action potentials can be directly influenced in this fashion, nor can these 
neuronal functions be entirely responsible for the magnetic fields generated by 
the brain. 
Further, to return to one of the original themes of this series, "magnetic sense" 
is the only likely candidate for the original sensing system in the earliest 
organisms and it appears valid to postulate that this mechanism has been 
retained, with evolutionarily-derived refinements, in present day organisms 
where it continues to function as a detector for the ambient field and as the 
basic integrating mechanism for brain function. 
I t requires but a small conceptual step to postulate that this entire system resides within the perineural cells of the brain and spinal cord and the Schwann cells of the peripheral nerves. Certainly, both the expansion of 
our understanding of the energetic capabilities of the total nervous system and 
the newer studies of the perineural cells strongly suggest such an interpreta­
tion. It may be difficult to accept the possibility that consciousness resides in 
the perineural system and that the neurons are simply the "tools" of this 
underlying system. It appears evident, however, that answers to the most 
fundamental questions of being and consciousness require that we look at more 
than the neuronal half of the brain. 
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